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MEMORANDUM 10- 8- 583 

NOTE ON A CORRELATION OF BOUNDARY-LAYER TRANSITION  RESULTS 

ON HTGHLY COOLED BLUNT BODIES*," 

By Richard J. Wisniewski 

SUMMARY 

Boundary-layer t rans i t ion   da ta  on two types  of  highly  cooled  blunt 
bodies   are   correlated  in  terms of r a t i o  of w a l l  t o   t o t a l  enthalpy, Reynolds 
number based on displacement  thickness, and loca l  Mach  number at t r ans i -  
t ion .  The proposed  correlation  indicates  that   cooling may cause  the 
boundary layer t o  go from laminar to  turbulent  f low  even if the  surface 

% 
i s  smooth within  pract ical  limits. Furthermore,  an  effect of roughness 
on t r ans i t i on  on blunt  bodies i s  also  noted. 

.I INTRODUCTION 

The heat- t ransfer  problem on blunt  bodies  in  hypersonic  flow has 
been of particular  concern  ever  since  Allen and Eggers ( re f .  1) first  
proposed  high-drag  configurations for atmospheric  reentry  of  ball ist ic 
missiles. Since  the  turbulent  heating  rates on these  vehicles  are  an 
order  of magnitude greater  than  the  laminar  rates,  optimum design  cannot 
be accomplished  without a knowledge of when, where,  and whether t r a n s i -  
t i o n  from  laminar to   turbulent   f low w i l l  occur. 

In  recent  years,  a respectable amount of experimental   transit ion 
data  on such  bodies  has  been  obtained; i n   f a c t ,   t h e  Lockheed X-17 reentry 
test  vehicle program was i n i t i a t e d   f o r   t h e   s p e c i f i c  purpose  of  obtaining 
t r ans i t i on  data under  conditions  simulating  actual  reentry of an  inter-  
cont inenta l   ba l l i s t ic   miss i le .  The NACA and the  Aerophysics Development 
Corporation i n  i t s  Hypersonic T e s t  Vehicle (HTV) program a lso  have  ob- 
ta ined a subs tan t ia l  amount of t r ans i t i on  data on  cooled  blunt  bodies. 

I 

* 
Title,  Unclassified 

'Supersedes NACA Research Memorandum E57514, "Preliminary Note  on a 
Correlation  of Boundary-Layer Transit ion ResuMs on Highly  Cooled  Blunt 
Bodies, " 1958. 
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Correlations  of  these  results were attempted by Stewart and  Donaldson I 
(ref. 2) and by Tellep and  Hoshizaki (ref. 3). The correlation  parameters - 
of  reference 2 are based  on w a l l -  to   local-s t ream-enthalpy  ra t io ,  Reynolds 
number based on momentum thickness, and body posi t ion of t r ans i t i on .  The 
cor re la t ion  of  reference 3 relies on r a t i o  of  surface  roughness t o  momen- 
tum thickness and  Reynolds number based  on momentum thickness.  Neither 
of  these  correlations was wholly successful and i n  many instances  both 
failed  completely. 

The purpose  of t h i s   r epor t  i s  to   p resent  a new correlat ion  of   the 
aforementioned data. The consequences or  implications of t h i s   co r re l a t ion  
are not as yet  understood. 
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SYMBOLS 

The following symbols are used i n   t h i s   r e p o r t :  

cross-sect ional   ( f rontal)  area of body, sq f t  

body drag  coeff ic ient  

body diameter, f t  

form factor ,  &*/e 
low-speed  form fac to r  (ref. 4) 

enthalpy 

roughness  height,  microin. 

Mach  number 

pP1d 
p1 

Re free-stream  Reynolds number based on body diameter, - a, 1 
'kk R% roughness  Reynolds number, y 

k 

peueg" 
Reg* displacement-thickness  Reynolds number, - 

pe 

Ree momentum-thickness Reynolds number,  peUeQ/pe 

h 
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rn . nose  radius,  in. 

rO axial radius,  f t  

S surface  distance,  f t  

T temperature, OR 

U ve loc i ty ,   f t / sec  

W weight, l b  

P pressure-gradient  parameter 

yeff  effective  ratio  of  specific  heats  (given as ye i n   r e f .  3) 
% 

6 * displacement  thickness, f t  

I e momentum thickness,  microin. 

@ C  cone half-angle 

CI absolute   viscosi ty  

V kinematic  viscosity 

P densi ty  

QT 
angle  between  normal t o  body surface  and  free-stream  direction 

Subscripts: 

e local  free-stream  conditions at edge  of  boundary layer  

k conditions at top  of  roughness 

tr t ransi t ion  condi t ions 

W conditions at w a l l  

4 0 stagnation  conditions  behind  shock 

1 free-stream  conditions  ahead  of  shock 
c 

I 
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REDUCTION OF DATA 

Location of Transit ion 

The present   report   uses  data obtained  on  hemispheres  and  hemisphere- 
cones.  Table I l ists  a l l  the  data used i n   t h i s   r e p o r t  as w e l l  as the  
various  references from  which the   t rans i t ion   loca t ions  were obtained  and 
per t inent  comments. 

Displacement-Thickness  Reynolds Number 

In   addi t ion   to   the   quant i t ies   ob ta ined  from the  various  references 
l i s t e d   i n   t a b l e  I, the  Reynolds number based on displacement  thickness 
i s  needed. This was obtained from the momentum-thickness Reynolds number 
as follows: 

where 

Reg = 0 . 6 6 4 ( g ) l / '  

The function H t r  depends on the  pressure-gradient  parameter f3 and the 
w a l l -  t o   t o t a l - e n t h a l p y   r a t i o   h / h o  and i s  obtained from reference 4 .  
The value of p for  the  angular  posit ion (PT on a hemisphere o r  hemi- 

sphere segment was approximated by the   va lues   l i s t ed   i n   t he   fo l lowing  
t ab le  : 

0.50  0.50 0.75 1.03 

Along conical  bodies, i3 equals  zero. The temperature  ratio To/Te was 
approximated by 
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where the   e f fec t ive   spec i f ic -hea t   ra t io  Teff w a s  taken as 1.40 f o r  

M1 < 5 and was var ied as suggested in   re fe rence  3 fo r  M l S  5. Local 
external  Mach numbers M, were found  with  the  aid  of  modified Newtonian 
flow theory and perfect   gas   re la t ions.  

RESULTS AND DISCUSSION 

Summary of Hemisphere Transit ion Data 

In   f igure  1 the  available  transit ion  data  for  cooled  hemispheres 
from f r ee - f l i gh t  and  wind-tunnel tests are presented  in  terms of the  
w a l l -  to   local-s t ream-enthalpy  ra t io  %/he aga ins t   t he   l oca l   t r ans i t i on  
Reynolds number based on momentum thickness Re@,%,. When these data 
are  analyzed  in terms of hw/he and Ree,tr, no cor re la t ion  is  indicated,  
and furthermore no apparent  effect of cooling is  noted. 

The cause  of  transit ion on cooled  hemispheres is not known, and 
therefore  several   correlations have been  attempted t o  determine what 
parameters  strongly  influence  transition on cooled  hemispheres. The 
most widely  attempted  correlations have relied on roughness as the  
correlating  parameter. 

Roughness as a Correlation  Parameter 

Two of  the most l og ica l  roughness  correlation  parameters are 
presented  in   f igure 2. In   f igure 2(a) the  ratio  of  roughness  height 
t o  momentum thickness  k/8  obtained from reference 2 is p lo t ted   aga ins t  
t he   t r ans i t i on  Reynolds number based on momentum thickness for 
several  sets of  cooled  hemisphere data. Examination of t he  NACA Langley 
data ( r e f s .  2, 5, and 6 )  reveals   that   the   highest   values  of k/8 y i e ld  
the  smallest values  of Ree,tr, while  the smaller values  of k/8 y i e l d  
the  largest   values  of However, the  Lockheed X-17 data  (ref. 2) 
show  no evident  trend  with  the value of k/8.  Therefore,  although some 
type  of  roughness  effect i s  hinted, it appears  that  k/@ is an  inadequate 
parameter  for  correlation. 

In   f i gu re  2(b) t he  mean va lue   o f   t he   c r i t i ca l  roughness  Reynolds 
number f o r   t h e  NACA Langley  and the  Lockheed X-17 hemisphere flights and 
various  three-dimensional  distributed  roughness tests is  presented. The 
data on the  hemispheres were obtained  under  conditions  of  extreme  cooling. 
The three-dimensional  distributed  roughness tests presented  in   an unpub- 
l i shed  NACA work were on bodies  with l i t t l e  o r  no cooling. The roughness 
Reynolds number is  def ined   in  terms of  the  roughness  height  and  local 
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conditions  evaluated a t  the  roughness  height. The c r i t i c a l  roughness 
Reynolds number is that  value  of  the  roughness  Reynolds number f o r  which .. 
t r a n s i t i o n  first moves from i t s  natural   posi t ion.   In   f igure  2(b)   the 
c r i t i c a l  roughness  Reynolds number f o r  a subsonic wing, a subsonic hemi- 
sphere,  and a supersonic  cone is  approximately 600. The roughness Reyn- 
o lds  number of  the  uncooled  hemisphere  flights,  evaluated by using  the 
roughness  height  measured  before  flight,  yields  values  between 0.05 and 
20. Therefore,  assuming no large  order change i n   t h e  measured roughness 
dur ing   f l igh t ,  it must be concluded that t h e  roughness is not  large enough 
t o   a f f e c t   t r a n s i t i o n   i n   t h e  same manner as that found fo r   t he   t h ree -  
dimensional  distributed  roughness  tests.  2 

UI 
c\) 

Correlation  of Hemisphere Data 

The f a c t   t h a t  no d i s t i n c t  roughness  effect i s  shown i n   f i g u r e s  2(a)  
and (b) does  not mean that  roughness is not   a f fec t ing   t rans i t ion .  It 
i s  qui te   possible   that   there   are   other   parameters   in   the problem which 
mask the  roughness  effect.  Therefore, it i s  reasonable  to examine cor- 
relation  parameters  that  are  independent  of  roughness. An empirical 
correlation  parameter of t h i s  type i s  presented   in   f igure  3 .  In   f i gu re  
3(a), data  from smooth hemispheres , (1 /2  t o  6 microin.)  are  presented on 
a log-log  scale   in  terms of   the   ra t io   o f  wall t o   t o t a l   e n t h a l p y  %/% 
and the  ra t io   of   the   local   d isplacement   thickness  Reynolds number t o   t h e  
l o c a l  Mach  number Re@/M,. Examination of f igure  3(a) shows t h a t   t h e  
t r a n s i t i o n  data are well correlated and tha t   the   reg ion  between  laminar 
and turbulent  f low is  w e l l  defined. It is  a l so   i n t e re s t ing   t o   no te   i n  
f igure  3(a) t h a t  at a constant  value of the  correlation  parameter  cooling 
w i l l  cause  the  boundary  layer  to go from laminar to   turbulent   f low.  

8 

Presented  in   f igure  3(b)  are a l l  of the  data2  of   f igure 1 c l a s s i f i e d  
in  terms  of  surface  roughness  and  plotted  in  terms  of h/hg and Re@/Me. 
Again, three regions are clearly  defined,  laminar,   transit ional,   and 
turbulent.  Now, however, the   t rans i t ion   reg ion  i s  influenced by the  
amount of  roughness  present on the  hemisphere.  Nevertheless,  the data 
appear t o  be w e l l  correlated.  

The method of  applying  the  suggested  correlation is  presented  in  
' f igu re  4. Besides   the  var ious  correlat ion  curves   for   the  var ious  degrees  

of  surface  roughness,   the  variation of the  correlation  parameter between 
an  angular  position  of 20° and 80° i s  also  included  under  three  dtfferent 

2The log- log   sca le   res t r ic t s   the   inc lus ion   of   addi t iona l   po in ts   tha t  
f a l l  on the  correlat ion  curve  but  have negative  values of the  correlat ion 
parameter. I 
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conditions  in a constant w a l l -  t o   t o t a l - en tha lpy   r a t io   t r a j ec to ry .  The 
cor re la t ion   ind ica tes   tha t ,  at a given  enthalpy  ratio,  three regions  can 
be distinguished. When the  var ia t ion  of   the  correlat ion  parameter   a long 
the  body is  such  that it falls  in   reg ion  1, the  f low on a body w i l l  be 
laminar  even if the  surface i s  quite  rough. A second  region exists when 
the  f low is  t r a n s i t i o n a l ;   i n   t h i s   r e g i o n   t h e   t r a n s i t i o n   p o s i t i o n  depends 
largely'on  the  roughness.  That is, f o r ' a  rough body t r a n s i t i o n  w i l l  occur 
far forward,  while for a smooth body t r ans i t i on  w i l l  occur w e l l  back  on a 
body. I n  a third  region,   the   f low w i l l  be  turbulent Over most of the  
body, even if t h e  body is smooth wi th in   p rac t ica l  limits. 

This  correlation  does  not  represent  an answer t o   t h e   e n t i r e  problem 
of  transition  on  cooled  blunt  bodies. The correlation  parameter i s  of 
an  empirical  nature, and no physical model e x i s t s   t o   b a s e  it on. 

The question  naturally arises as t o  whether these   resu l t s  do indeed 
represent a correlation, o r  whether the  correlating  parameters are such 
t h a t  a l l  points  on a body w i l l  f a l l  along  the  predicted  curve.  Although 
it i s  d i f f i c u l t   t o   e s t a b l i s h  an  exact  relation between Reg*/Me and 
h / h o   f o r  laminar  flow,  an  approximate  functional  relation  can  be  written 
for   the  forward  s ta t ions on a hemisphere (0' t o  15'). The resu l t s   o f  
th i s   theore t ica l   p red ic t ion  of Re6+/Me and h&, show t h a t   t h e  
cor re la t ion  is  not  coincidental ,  b u t  represents a t rue  correlat ion.  The 
fo l lowing   ske tch   i l lus t ra tes   th i s   fac t :  

Lines of constant 
1.0 f o r  range  of 

data investigated 

/ / 

0 
0 400 800 1200 1600 

ReE*/Me 
However, the   ca lcu la t ions  do demonstrate a rather  discouraging  fact  

concerning  the  usefulness  of  the  correlation at the  very low w a l l -  t o  
total-enthalpy  ra t ios .  A t  ra t ios   o f  less than 0.15 the  nature  of  the 
correlation  parameter is such that a l l  data points  would t e n d   t o  merge 
regardless  of  angular  position. Moreover, l a rge  changes i n   t h e  free- 
stream Reynolds number are r equ i r ed   t o  change the  values  of Re&*/Me 
appreciably. 
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Correlation as Applied t o   Q p i c a l  Reentry  Conditions 

I n   f i g u r e  5 the smooth hemisphere correlation  curve is  p lo t ted  on 
a regular scale,  and the va r i a t ion  of the  correlation  parameter between 
angular  posit ions  of 20' and 80° is included  for a hemispherical   inter-  
c o n t i n e n t a l   b a l l i s t i c  missile. The t r a j ec to ry  is f o r  a 6-foot-diameter 
hemisphere  having a W/C$ of 130 pounds per  square  foot  and a w a l l  
temperature  of 1000° R. The low-temperature  portion  of the t ra jec tory  
corresponds t o  the  high-al t i tude  port ion of flight. Ektrapolating the 
c o r r e l a t i o n   t o   t h e  lower  enthalpy  levels  and  applying  the  correlation 
to  include  large-diameter  bodies,  as i n   f i g u r e  5, show that t r a n s i t i o n  
w i l l  occur on or   near   the 20' posit ion  during  the  entire  t ime of reentry.  
The resul ts   presented  in  this f igure  indicate  a serious  question as t o  
the   poss ib i l i ty  of obtaining  extensive  laminar  flow on a hemisphere  under 
ful l -scale   reentry  condi t ions.  

In  accepting the previous  conclusion one must consider   the  fact  that 
the  most important  part of the reent ry   f l igh t  (max imum heating)  occurs 
at wa l l -   t o   t o t a l - en tha lpy   r a t io s  below any of the  experimental  data 
presented  here.  Therefore, a predict ion of extensive  turbulent  flow 
must be based on an ex t rapola t ion   of   t rans i t ion  data, which  can be very 
unrel iable .  

Extension of Correlation  Parameter  to  Other  Shapes 

Since  the  actual  reentry  noses may not  be  hemispherical, it 
is d e s i r a b l e   t o  show that the   cor re la t ion  of t r a n s i t i o n  data from other 
shapes  can  be  attained with the parameter Re6*/%. A plot  of the cor- 
re la t ion  parameter   for   both  the hemisphere  and a large  blunt  cone is  
shown i n  f igure  6.  This f igure  shows tha t   the   cor re la t ion  works equally 
well for   the  large  blunt  cone  and that two d is t inc t   cor re la t ion   curves  
a re   ob ta ined .   In   fac t ,  at a given  enthalpy  ratio,  the blunt cone  shape 
yields  a larger   value of Reg*/% than  the  hemisphere.  This  fact  should 
not be i n t e r p r e t e d   t o  mean tha t ,   insofar  as t r a n s i t i o n  is concerned, one 
shape is  supe r io r   t o   t he   o the r .  Such a conclusion  could be made only 
af ter   s tudying  both  configurat ions under i d e n t i c a l   t r a j e c t o r i e s .  

!The use  of   t ransi t ion data on hemispheres i n  t h i s  report  should  not 
be  taken as an  indicat ion that the  hemisphere i s  the most su i t ab le  high- 
drag body f o r  laminar flow. For  example, under the same free-stream 
conditions, the flat-f ace body (ref. 11) has demonstrated  both  lower 
heat ing  ra tes  and more extensive laminar flow  than  the  hemisphere. 
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CONCLUDING REMARKS 

A reasonable  correlation of t r ans i t i on   r e su l t s  on a hemisphere  and 
a large  blunt  cone have been  attained. Whether the  correlation  parameter 
w i l l  be u s e f u l  for  other  high-drag  shapes  remains t o  be seen. 

The proposed  correlation  indicates that cooling may cause  the 
boundary l a y e r   t o  go from laminar to   turbulent   f low even if the  surface 
i s  smooth within  pract ical  limits. Furthermore,  an effect  of  roughness 
on t r ans i t i on  is also  noted on blunt  "bodies. 

Applying the  correlat ion  to   larger   diameter   bodies  and extrapolat ing 
t o  lower wall- to   total-enthalpy  ra t ios   indicate   extensive  turbulent   f low 
over a full-scale  hemispherical  reentry body. However, such  an  extra- 
polation must be viewed with  caution. 

L e w i s  Research  Center 
National  Aeronautics and  Space Administration 

Cleveland, Ohio, August 25, 1958. 
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Figure 2. - Roughness as a correlation  parameter. 
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